ABSTRACT: Treatment of type 1 diabetes mellitus could be greatly improved by applying a closed-loop control strategy to insulin delivery, also known as an artificial pancreas (AP). In this work, we outline the design of a fully implantable AP using intraperitoneal (IP) insulin delivery and glucose sensing. The design process utilizes the rapid glucose sensing and insulin action offered by the IP space to tune a PID controller with insulin feedback to provide safe and effective insulin delivery. The controller was tuned to meet robust performance and stability specifications. An anti-reset windup strategy was introduced to prevent dangerous undershoot toward hypoglycemia after a large meal disturbance. The final controller design achieved 78% of time within the tight glycemic range of 80−140 mg/dL, with no time spent in hypoglycemia. The next step is to test this controller design in an animal model to evaluate the in vivo performance.
INTRODUCTION
Type 1 diabetes mellitus (T1DM) is a chronic disease that occurs when the pancreatic beta cells are destroyed, leaving the body unable to produce sufficient insulin to maintain glycemic homeostasis. To manage this condition, people with T1DM need to self-administer exogenous insulin based on measurements of their blood glucose concentration (BG) and an estimation of carbohydrate (CHO) content in their meals. This procedure requires the person to measure their blood glucose concentration several times per day using a fingerstick method to access capillary blood. The goal is to keep the BG in equilibrium, avoiding values that are too high (hyperglycemia, BG > 180 mg/dL) and too low (hypoglycemia, BG < 70 mg/ dL). Both hyper-and hypoglycemia lead to health complications, although the effects of hypoglycemia are more sudden and can quickly escalate to become life-threatening. Untreated hyperglycemia can also be life-threatening if diabetic ketoacidosis occurs, although most of the health problems caused by chronic hyperglycemia, such as retinopathy, nephropathy, neuropathy, and cardiovascular disease, become more pronounced as more time is spent in hyperglycemia throughout a person's life. 1 While diabetes management can be an onerous task, technological advances have begun to reduce the difficulty of treatment and provide better health outcomes overall. The introduction of insulin pumps to provide continuous subcutaneous (SC) insulin infusion has allowed many people to achieve better glucose control than they could using multiple daily injections of insulin. 2, 3 These pumps provide basal insulin, which is a low background dose of insulin needed throughout the day, as well as larger insulin boluses to compensate for meal consumption or correct for high BG. Another important technological advance was the development of the continuous glucose monitor (CGM), a device that uses a subcutaneous electrode to measure the glucose concentration in the interstitial fluid. 4 These sensors provide an estimate of the BG based on the subcutaneous glucose concentration every 5 min. In combination, insulin pumps and sensors allow people with diabetes to exert much more influence over their health than what was previously possible. 5 Even with the use of insulin pumps and glucose sensors, the treatment process is ultimately an open-loop one, with the patient manually observing the glucose concentration, calculating an insulin dose, and using the pump to command that dose. While control engineering is a well-developed field, its use is relatively new in medical applications. The ability to close the loop between glucose sensor and insulin pump is an exciting development that will bring a new era to diabetes management. The artificial pancreas (AP) will advance the state-of-the-art technology of diabetes treatment by using a control algorithm to close the loop between the insulin pump and the CGM, providing automated insulin dosing. The system will use feedback and potentially feedforward control to maintain glucose concentrations near a desired set point or within a desired zone. 6 Many variations of the AP have already been tested in clinical studies, with some even taking place in an outpatient environment. 6 The AP designs used in these studies show promising results, but their performance is limited by the use of commercially available external insulin pumps and glucose sensors that operate in the subcutaneous space, introducing severe delays into the control loop. In this work, we present a design process for a controller that will work with implantable insulin pumps and glucose sensors, greatly reducing the delays and resulting in overall better glycemic control.
IMPLANTABLE ARTIFICIAL PANCREAS DESIGN
2.1. Control Objective, Challenges, and Constraints. The objective of the artificial pancreas is to provide safe and effective glycemic control for people with T1DM. Quantita-tively, the goal is to maintain the blood glucose concentration within the tight range of 80−140 mg/dL for as much time as possible by delivering doses of insulin. In addition, the controller must prevent hypoglycemic episodes. Since safety must remain the top priority in any medical device system, some AP designs introduce glucagon as a second manipulated variable. 7 This hormone stimulates the conversion of glycogen stored in the liver to glucose and may be used as a rescue treatment when a person's BG approaches hypoglycemia. However, there are practical difficulties with using glucagon in a closed-loop system, and the effects of long-term glucagon use are unknown. 8 In addition, a clinical study designed to compare an AP with and without glucagon did not find any significant improvement made by including glucagon in the system. 7 For these reasons, we focus on the design of an insulin-only system. An important constraint in this system is that insulin cannot be removed once it has been delivered, so the AP must be tuned accordingly to avoid a potentially dangerous situation.
There are several disturbance challenges that the AP must face to successfully control BG. The most difficult disturbances to control occur following the ingestion of a meal, when the BG concentration increases rapidly. Other challenges include periods of exercise, which can result in unpredictable BG changes, and overnight periods, during which the AP user is asleep and therefore dependent on the AP to maintain the BG within a safe range. 6 Periods of illness and stress, along with hormonal changes, affect the way the body responds to insulin. 9 The AP must be able to adapt to changing insulin sensitivity to maintain glycemic control.
2.
2. An Implantable System. To effectively reject glycemic disturbances, the AP controller must have access to rapid sensing and actuation. The majority of AP designs tested thus far rely on commercially available insulin pumps and glucose sensors that operate in the subcutaneous space. 6 These devices have several advantages: they are minimally invasive, already approved by the United States Food and Drug Administration, and easy to use. Unfortunately, diffusion lags between the interstitial fluid and the blood introduce severe delays in both glucose sensing and insulin action, making fully automated closed-loop control much more difficult. 10−12 To overcome these delays and achieve good results, most iterations of the AP have incorporated meal announcement, a type of feedforward action initiated by the user to trigger a bolus of insulin before the meal is consumed. While the addition of the meal announcement improves the resulting BG profile following a meal, it also poses a safety risk by requiring the user to accurately and reliably perform an action. 13 The best solution would be to reduce delays in the system so that fully automated control is possible. The reduction of delays may be accomplished with the use of alternate insulin delivery and glucose sensing methods.
The intraperitoneal (IP) space was first introduced as an alternative insulin delivery route in the 1970s.
14 Insulin delivered through the intraperitoneal route has faster pharmacokinetic and pharmacodynamic characteristics than insulin delivered through the subcutaneous route: when insulin is delivered through the SC route, the absorption peak occurs 50−60 min later, 15 as opposed to 20−25 min when using the IP route. 16 The insulin is also cleared more quickly: insulin delivered through the SC route has a residence time of 6−8 h, 15 while IP insulin has a much shorter residence time of 1−2 h.
16
A further advantage of IP insulin delivery is that it mimics healthy pancreatic activity by allowing a high uptake of insulin by the liver and producing a positive portal-systemic insulin gradient. 17 The use of implanted insulin pumps can also lead to improved quality of life: a randomized crossover study showed that continuous intraperitoneal insulin infusion resulted in improved health-related quality of life and treatment satisfaction over continuous subcutaneous insulin infusion. 18 The main obstacle barring adoption of IP insulin delivery is that it requires either a pump to be surgically implanted, as in Logtenberg et al., 19 or a percutaneous port to be created, as in Liebl et al. 20 There is no IP insulin delivery system currently approved for use in the United States, so this hurdle would need to be passed before the implantable AP could be tested in human clinical trials in the US.
The improvements gained by faster actuation through IP insulin delivery will be limited without the implementation of fast glucose sensing. In initial clinical studies, an AP using intraperitoneal insulin delivery did not perform as well as expected because the sensor introduced a lag to the glucose measurement. 21 Several studies have shown that there is a diffusion lag between the blood and the interstitial fluid, resulting in measurements that lag behind the blood glucose concentration. 10, 11, 22 Preliminary animal studies have demonstrated that sensors placed in the IP space provide a more rapid measurement of blood glucose than sensors placed in the SC space due to the proximity to a highly vascularized area. 23, 24 The diffusion process can be modeled as a first-order transfer function with time constant τ S (min). The time constants identified from experimental data in a swine model for sensors placed in the intraperitoneal and subcutaneous space are shown in Figure 1 . The IP sensor time constants were lower and had a tighter distribution than the SC time constants. This evidence suggests that a glucose sensor implanted within the IP space will provide a more useful estimation of the blood glucose concentration by reducing the diffusion lag.
The primary differences between IP and SC devices are summarized in Table 1 . A fully implanted AP will make use of both intraperitoneal insulin delivery and glucose sensing. The pump, sensor, and controller will all be implanted, and the system will be operated using a hand-held remote. This Figure 1 . Box plot showing the statistical properties of the fitted time constants for sensors placed in the IP space or the SC space of swine, demonstrating that the IP sensors had a lower mean time constant and a tighter distribution than the SC sensors (data from experimental study presented in Burnett et al. 23 ). approach will eliminate the need to remove and apply new sensors and insulin infusion sets, as must be done with subcutaneous devices. Externally worn devices can be cumbersome, so this approach may also increase patient compliance. We hypothesize that the glycemic control provided by a fully implantable system will be superior to that which is possible with a subcutaneous system. Since the sensing time constant is up to two times faster, the controller can react promptly to impending hypo-and hyperglycemia. 23 Additionally, pump suspension will have an almost immediate effect on the BG, while with the SC system the insulin depot in the SC space may delay the effect by up to 60 min. 25 The faster insulin action and clearance will lead to more predictable dynamics, making closed-loop control more successful.
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2.3. Controller Design and Tuning. Several control strategies have been evaluated for AP applications, including proportional-integral-derivative control (PID), model predictive control (MPC), and fuzzy logic. 6 Records of information related to clinical trials using each type of controller are available in the searchable database located at www. thedoylegroup.org/apdatabase. Model predictive control has been proposed as a suitable strategy for AP designs using subcutaneous insulin delivery and sensing because of the large delays in these systems. 27 When using intraperitoneal insulin delivery and glucose sensing, the system lags are highly reduced, and we are left with a standard single-input, singleoutput control problem. In this case, we anticipate that the advanced control capability of MPC may no longer needed, and that a PID controller will provide satisfactory performance. Because the insulin will act quickly and glucose changes will be sensed rapidly, the system can operate well without the predictive power offered by MPC. The use of model based tuning is recommended for the AP because online tuning through trial and error is not acceptable for a medical application; however, we need to find a balance between a general and personalized model. Completing timeconsuming model identification procedures for individual subjects is not feasible, especially if the AP is to be adopted on a large scale. Still, individual subjects have widely varying insulin sensitivities. 28 In a previous study, a third-order discretetime model structure was identified that adequately captures the behavior of insulin action on the blood glucose concentration. 29, 30 The poles of the model were found to be consistent between subjects, while a personalization factor was added in the model gain. The model that was identified for intraperitoneal insulin action on blood glucose concentration is
where TDI is the total daily insulin dose of the patient (U), G is the blood glucose concentration (mg/dL), U D is the insulin delivered through the IP route (U/h), and the sampling time is 5 min. The inclusion of the TDI allows the model gain to be tailored to an individual subject's insulin sensitivity.
Internal model control (IMC) is a comprehensive tuning method that allows PID parameters to be calculated directly from the process model. This method leaves a single tuning parameter,τ C , which is used to set the closed-loop time constant. 31 Internal model control tuning has been used successfully in AP designs for SC insulin delivery. 32, 33 To make the model easier to work with for controller tuning and robustness analysis, the model M D is converted to continuous time. This conversion can be done using several methods, but the zero-pole matching method was determined to best preserve the model characteristics. 34 It should be noted, however, that the final tuning parameters obtained using other methods of conversion are the same within choice of τ C . Therefore, the final tuning parameters are robust to the conversion method.
The model resulting from the conversion from discrete to continuous time is
where the time constant units are minutes. Internal model control tuning rules require a second-order model to obtain a PID controller. Skogestad's half rule was developed as a method to reduce higher-order models to the first-or second-order model required to use IMC PID tuning rules. 35 Using this method, the reduced-order model parameters are determined by the following relations: 
The final model obtained is (4) Using this model, the tuning parameters are determined using IMC tuning relations:
The digital PID controller is implemented using the velocity form, with 
where
In this set of equations, u (U/h) is the insulin delivery calculated by the controller, P, I, and D (U/h) represent the proportional, integral, and derivative action terms respectively, Δt is the time step (5 min), G sp is the set point, G m is the measured glucose concentration (mg/dL) and the integer k denotes the sample number. An important feature of the velocity PID form is that it must include the use of integral action. If it is desired to exclude integral action, the position form should be used instead. 31 A derivative filter can be implemented with this controller. The derivative filter prevents excessive controller action in the presence of measurement noise. In this case, the derivative term becomes βτ βτ
The parameter β determines the level of filtering of the derivative term, with a larger value indicating a higher filtering effect. After preliminary testing we selected β as 0.1, which is a commonly used value. 31 The derivative filter was used when sensor noise was added during simulation studies.
The tuning parameters obtained using the procedure outlined above are shown in Table 2 , along with parameters determined for a PID controller using SC insulin in Laxminarayan et al. 36 The remaining parameter τ C will be selected using robust stability and performance considerations.
2.4. In Silico Artificial Pancreas Evaluation. The safety and efficacy of an AP device need to be demonstrated in human clinical trials before it can be considered for widespread use. Prior to these clinical studies, the controller must first show promise in simulation studies. In the case of the implantable AP, there is a further requirement to be evaluated in an animal model because the system involves novel pump and sensor devices that are not already approved for use by the United States Food and Drug Administration. Researchers at the Universities of Virginia (UVA) and Padova developed a metabolic simulator to facilitate the design of AP algorithms. 37, 38 This platform allows the algorithm to be evaluated on 10 in silico T1DM subjects.
In this study, the metabolic simulator was used to determine the optimal tuning parameters and evaluate the controller performance. The setup that was used in this work is shown in Figure 2 .
To evaluate the intraperitoneal insulin and intraperitoneal sensing (IP-IP) design we used the intravenous (IV) insulin port and a simulated IP sensor. The IV port was used to approximate the delivery of IP insulin, as was done in Lee et al. 30 The IP sensor was implemented by a first-order diffusion model from the IV glucose input with a time constant of 5 min. This value was chosen based on the data presented in Burnett et al. 23 The four clinical scenarios shown below were used to evaluate the controllers.
Scenario 1: A large meal of 100 g of carbohydrates (CHO) was administered to evaluate the meal response and the set point undershoot.
Scenario 2: A 30% decrease in insulin sensitivity was tested. The change was simulated by multiplying the insulin delivered by 0.7.
Scenario 3: A 30% increase in insulin sensitivity was tested by multiplying the insulin delivered by 1.3.
Scenario 4: A 27 h clinical protocol was simulated to evaluate the controller performance for a typical real-life scenario. Closed-loop control was initiated at 14:00, followed by a 70 g-CHO meal at 19:00. This meal was followed by an overnight period from 24:00 to 08:00. A breakfast of 40 g-CHO occurred at 08:00, and then a lunch of 70 g-CHO followed at 13:00. Closed-loop control was ended at 17:00. Scenarios 1−3 were previously tested in Laxminarayan et al. 36 for an AP using subcutaneous insulin. The scenarios were repeated here to allow for direct comparison to show the improvement gained by using IP insulin and the design procedure implemented in this paper. The best controller design was selected using Scenarios 1−3. The final controller was tested in Scenario 4, including simulated sensor noise to demonstrate a true-to-life protocol with potential measurement errors. Scenario 4 was used in Lee et al. 30 to test a zone-MPC controller using IP insulin delivery and SC glucose sensing. We repeated this protocol to show that we achieved comparable results with our IP-IP PID approach.
2.5. Introduction of Anti-Reset Windup. The PID controller may cause the BG to undershoot the set point after a large meal, as shown in Figure 3 . In this figure, PID control was used on subject 1 in the UVA/Padova metabolic simulator to control a 100 g-CHO meal disturbance. The bottom panel shows the buildup of the integral term that occurs during the large meal disturbance, leading to the set point undershoot.
This undershoot is highly undesirable because it indicates insulin overdelivery and increases the risk of hypoglycemia. Several approaches have been used to circumvent this effect. One option, applied in several clinical studies 9,39−43 and the in silico study presented by Laxminarayan et al., 36 is to remove the integral component and use a proportional-derivative controller. However, the use of PD control is not ideal because set point tracking is sacrificed. Without set point tracking, the controller will not be able to react to changes in insulin sensitivity. Other clinical studies have detuned the integral component to prevent insulin overdelivery. For example, in Steil et al. 44 and Laxminarayan et al. 36 the integral time constant was set to 150 min at night and increased to 450 min during the day when meals are expected to occur. Nearly all clinical studies using PID control for the AP have placed an upper limit on the integral term as an additional safety feature. For example, in Steil et al. the integral term was constrained to be less than three times the 06:00 basal rate when BG > 60 mg/dL and was restricted to K C (G SP − 60) U/h when BG < 60 mg/dL. 44 In Laxminarayan et al. the integral limits were set to 1.4 times the basal rate when BG > 80 mg/dL, 0.7 times the basal rate when BG < 60 mg/dL, and a linear interpolation between those two limits for 60 < BG < 80 mg/dL.
During initial testing, we found that placing an upper limit on the integral term to reduce the undershoot also negatively affected the set point tracking ability of the controller. We found that the best option is to instead implement an anti-reset windup strategy. The relevant approach here is to use conditional integration, which involves increasing or decreasing the amount of integration depending on specified conditions. A key feature of the AP is that the controller will frequently encounter large output disturbances. Even with IP insulin delivery it is anticipated that BG will be elevated for approximately 3 h following a meal. The ideal AP would exhibit the characteristics of a PD controller during large but temporary disturbances, while retaining the characteristics of integral action during smaller but persistent disturbances.
The method of anti-reset windup described in Hansson et al. can be used to meet these requirements. 45 The idea behind the method is to attenuate the rate of change of the integral term, I(k), based on the size of the error term, e(k). When the error is large, the rate of change of the integral term should approach zero. When the error is small, the rate of change should be unmodified. To accomplish this goal, the authors introduced a fuzzy logic scheme with two rules: when error is small, K I = K C (Δt/τ I ), and when error is large, K I = 0.
By using the membership functions defined in Hanssen et al. and applying the min-max inference rule, the equation for the integral term in (8) is adjusted to 
This method introduces a single tuning parameter, α, which sets the degree of attenuation for the integral term. Figure 4 shows a plot of K W versus |e(k)| for increasing values of α.
This strategy is ideal for the AP because it is a flexible and dynamic method characterized by a simple algebraic expression. Instead of placing fixed limitations on the integral term that apply for all BG levels, it instead applies a weighting factor appropriate for the current situation. This method is equivalent to using an increasing value for τ I as the error becomes larger. The flexibility provided by this method allows for the minimization of undershoot after large meals, while still offering set point tracking to react to changes in insulin sensitivity. In addition, no information about meal timing needs to be supplied for the algorithm to function well. The bottom panel of Figure 3 shows an advisory mode calculation of insulin action that includes anti-reset windup protection. The buildup of the integral term that was observed when using PID control was prevented, leading to a lower recommended insulin dose during the meal.
2.6. Insulin Feedback. When designing the artificial pancreas, it is prudent to draw inspiration from nature by examining how the pancreas is able to achieve glycemic control in people without T1DM. A key feature of physiological glycemic control that is missing from a single-input singleoutput PID design is that insulin in the blood suppresses further insulin production. 46 Most studies using PID control with subcutaneous insulin have incorporated this feature by using an insulin feedback algorithm. 44, 47 Since it is currently not possible to measure plasma insulin concentration in real time, this method relies on a model of insulin pharmacokinetics to estimate the plasma insulin concentration based on past insulin delivery. The model has been represented as a second-order continuous-time transfer function between insulin delivered and plasma insulin concentration, with gain K PI ([μU/mL]/ [U/h]) and time constants τ 1 and τ 2 (min) determined from experimental data. 47 This model can then be discretized to match the sampling period of the controller, giving the following equation:
Here, U D (U/h) is the closed-loop insulin delivery profile, and CP(k) is the estimated plasma insulin concentration. The final insulin dose is then calculated as
D PI P (15) where u(k) is the insulin dose that was calculated in eq 6. Typically, the insulin plasma concentration units are normalized so that the gain K PI is equal to one. 44, 47 The parameter γ determines the degree to which the presence of plasma insulin suppresses insulin delivery. The factor (1+(γ/ K PI )) is needed so that the insulin delivery U D (k) is equal to the basal rate when the system is at steady-state. In subcutaneous insulin applications, the parameter γ is selected to be 0.5 to achieve good performance. 44, 47 There is limited information available in the literature to supply a pharmacokinetic model of IP insulin. For SC insulin, the second-order continuous-time model was identified to have time constants of 70 and 55 min. 47 One study that was completed to identify corresponding parameters for IP insulin delivery found time constants of 60 ± 8.7 min and 27.2 ± 9.3 min, 48 while an earlier study by the same authors found parameters to be 34.6 ± 5.9 min and 17.4 ± 4.7 min. 49 In the absence of further modeling data, we chose the more recently identified model parameters to use in the implementation of insulin feedback for our system. Once further experimental data is obtained for the pharmacokinetics of the specific insulin to be used, the model can be updated to provide a more accurate estimation.
CONTROLLER OPTIMIZATION AND EVALUATION
The controller design procedure outlined above leaves several design parameters to be determined: τ C , α, and γ. First, candidate values for τ C were selected using robust stability and performance analysis. The other two parameters were selected using simulation studies with Scenarios 1−3. The best value for α was determined without IFB by examining the trade-off between the amount of postprandial undershoot and offset after a change in insulin sensitivity. Next, the best value for γ was chosen without anti-reset windup protection (AWP) by examining the minimum and maximum postprandial BG values. Lastly, the controller was tested with both IFB and AWP implemented.
3.1. Robust Stability and Performance. In order to determine whether the system will be stable for a specified model uncertainty, the robust stability condition can be evaluated. In order to use this method, we must first represent a suitable family of possible plants Π I , in this case using multiplicative uncertainty
where G P is a possible process model, G is the nominal process model, and the uncertainty weight satisfies the inequality |w I (jω)| ≥ l I (ω), ∀ω where
The stability criterion is then given as
where T is the complementary sensitivity function, and w I is the multiplicative uncertainty weight. To represent the parametric uncertainty in the gain and delay of the nominal model, we use
where r k = ((K max − K min )/(K max + K min )), and θ max is the maximum delay considered. 50 Robust performance analysis allows us to determine whether certain specified performance measures will be met even in the presence of model uncertainty. The necessary relation to show robust performance is given by (20) where S is the sensitivity function, and w P is the performance weight
where M is the maximum peak of the sensitivity function, A is the steady state tracking error, and ω B * is the bandwidth frequency where the sensitivity function crosses the magnitude of 0.707. In this study, A ≈ 0, ω B *= 5 × 10 −5 hz, and M = 2, as recommended in Skogestad et al. 50 We can use the robust stability and performance analyses to inform our choice of τ C . Figure 5 shows whether the RP and RS conditions were met under a specified model uncertainty for varying values of τ C . In order to be able to retain RP and RS for a delay uncertainty of 10 min and a gain uncertainty of 0.5, we should choose a τ C between 40 and 150 min. The lower value will result in faster, more aggressive control, while the higher value will result in slower, more conservative control.
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Setting τ C to 40 min to obtain the fastest response, the controller designs in Table 3 were evaluated.
To evaluate the controller with no integral action, the position form was used
and u ̅ is the basal rate needed to maintain a fasting glucose concentration of 110 mg/dL.
Evaluation of the Anti-Reset Windup Protection.
To determine the best parameter α to use for the anti-reset windup algorithm, we examined the trade-off between undershoot mitigation and set point tracking using Scenarios 1 and 2. The undershoot was characterized by the minimum blood glucose concentration during the postprandial period after a large meal. The set point tracking was evaluated by examining the offset remaining at two time points following a change in insulin sensitivity for the different AWP tunings as compared to the PID controller with no AWP. The PID controller with no AWP represents the ideal tracking case at each time point since it has full integral action. The first time point, 11 h, was chosen because after this amount of time the PID controller had made partial progress toward the set point. The 20 h time point was chosen because after this amount of time, the PID controller had nearly returned the BG to the set point. By examining the offset at these two time points, we compared the asymptotic set point tracking of the PID+AWP controllers to the ideal PID tracking on both a short-and long-term time scale. We then plotted the offset versus the minimum BG for various values of α, as shown in the left panel of Figure 6 .
From this analysis, we determined that a good choice for α is 0.04. This option keeps the undershoot above 100 mg/dL but also reduces the offset after a change in insulin sensitivity. Note that the offset will be eliminated over time for all values of α. The larger α is, the longer it takes to reach the set point again after a change in insulin sensitivity. Figure 7 shows the simulation results for Scenarios 1−3 for the optimal value of α, PID control with no anti-reset windup, and PD control.
3.3. Tuning the Insulin Feedback Algorithm. The insulin feedback strategy was tested using Scenario 1 for several values of γ with no anti-reset windup protection. Values of γ were tested from 0 to 0.5. The value of 0.5, which has been used previously for SC insulin, gave the best performance. When IFB was added to PID control, the minimum BG was raised by an average of 13.3 ± 2.4 mg/dL, and the maximum BG was lowered by an average of 9.8 ± 3.8 mg/dL. When using a paired-sample t test to compare the minimum BG for each subject with and without IFB, the difference is significant with a p-value of 3 × 10 −8
. The same statistical test for the maximum BG for each subject with and without IFB showed significant difference with a p-value of 1.8 × 10 . The results of the simulation are shown in Figure 8 . To determine whether adding IFB to the controller affects the choice of anti-reset windup parameter α, we repeated the anti-reset windup evaluation with IFB added (γ = 0.5). The results are presented in the right panel of Figure 6 . As seen in the figure, the shape of the data curve and optimal value of α = 0.04 remain the same when IFB is added. For all values of α, the performance is better with IFB than without it.
3.4. Evaluation of Finalized Design. Figure 9 shows a plot of the maximum versus minimum BG achieved by the 5 controller designs tested in this work following a 100 g-CHO meal. The insulin feedback algorithm is able to raise the minimum BG but not to the same degree that anti-reset windup does. Insulin feedback has the added benefit of lowering the maximum BG peak. Overall, PID plus insulin feedback and anti-reset windup provides better control than either strategy alone and both provide great improvements over PID alone. The PD, PID+AWP, and PID+AWP+IFB controllers have some overlap on the plot in Figure 9 ; however, the PID iterations have a clear advantage over the PD approach since they include set point tracking while PD does not. The most important comparison to make is to determine whether adding IFB to the PID+AWP controller results in significant improvement. These two cases were compared using a paired-sample t test to compare the maximum BG and the minimum BG following the 100 g-CHO meal. The maximum BG was decreased by an average of 10 ± 3.8 mg/dL when IFB was added to the PID+AWP controller. This difference is significant with a p-value of 1.5 × 10 −5 . The minimum BG was raised by an average of 2.9 ± 1.5 mg/dL when IFB was added. While the difference in the minimum BG is relatively small and not likely of clinical significance, it is still statistically significant with a p-value of 2 × 10 −4
. The benefit of adding IFB in addition to AWP is the more aggressive initial action that is taken when there is little insulin already in the body. Additionally, including the insulin feedback mechanism is superior clinically because it adds a safety layer to prevent insulin overdelivery. This type of mechanism is a must for clinical application since preventing hypoglycemia is the first priority.
The results achieved with IP insulin using IFB+AWP in this work are compared to those achieved for Scenarios 1−3 with SC insulin in Laxminarayan et al. 36 in Table 4 . The IP approach resulted in a much lower peak BG than the SC approach. In addition, the IP system did not drive the BG as low as the SC system following the meal, resulting in an overall safer scenario. The time to return to set point after a change in insulin sensitivity was also much faster using IP insulin with the antireset windup strategy presented in this work. The final controller design was evaluated for Scenario 4 with sensor measurement noise to create a realistic test. The measurement noise included in the metabolic simulator was designed to emulate an SC sensor. There is currently no IP sensor model available due to the paucity of data. The SC sensor noise model included in the simulator is described in Breton et al. 51 The results are shown in Figure 10 . A summary of the numerical results from the simulation study displayed in Figure 10 is shown in Table 5 .
The controller was able to maintain the BG within the tight glycemic range of 80−140 mg/dL for 78% of the time, even in the presence of measurement noise. The added noise did cause a lower minimum BG to occur during the simulation, but hypoglycemia was still avoided. These results are comparable to those achieved in Lee et al. using a zone-MPC control strategy with IP insulin and SC sensing. Figure 9 . Plot of the maximum BG versus the minimum BG following a 100 g-CHO meal. The large icon shows the mean, and the small icons show the individual 10 subjects for each case. The PID with IFB and anti-reset windup strategy was able to raise the minimum BG while also lowering the maximum BG, leading to better and safer control than using either strategy alone. and pharmacodynamic characteristics than SC insulin, the AP will be able to bring BG back to the desired set point faster after glycemic disturbances occur. Also, since the insulin is cleared more quickly, there is less risk of hypoglycemia 20 due to delayed insulin action.
In this study, the tuning of the PID controller was informed using robust stability and performance analysis. The robustness of the controller is of great importance, due to inter-and intrapatient variability in the response to insulin. The controller was designed to be able to maintain robust performance and stability even in the presence of 50% gain uncertainty and 10 min delay uncertainty. These estimations of uncertainty were based on Lee et al. 32 and are intended to capture changes in insulin sensitivity that can occur throughout the day, as well as unexpected delays due to measurement dropouts, temporary pump failures, or other problems.
The addition of the anti-reset windup strategy used in this work decreases the risk of hypoglycemia after meals, without increasing time spent in hyperglycemia. In addition, set point tracking is maintained following changes in insulin sensitivity. The anti-reset windup strategy used in this paper can also be applied when SC insulin is used, although the tuning factor may need to be adjusted. This method is recommended because it dynamically adjusts the amount of integration based on the situation, leading to better control for both large, temporary disturbances and smaller but persistent disturbances.
Insulin feedback is an important addition to an AP controller because it imitates the physiology of the human body. Increased plasma insulin concentration inhibits the delivery of more insulin, meaning there is less chance for insulin stacking and hypoglycemia. Insulin feedback was initially introduced after the first clinical study of PID control with SC insulin resulted in postprandial undershoot leading to hypoglycemia. A following clinical study applying IFB showed that the postprandial hypoglycemia was reduced, but there were still episodes requiring rescue CHO to be delivered. 52 Our study shows that IFB alone is not enough to attenuate postprandial undershoot and that an anti-reset windup strategy in combination with IFB provides the best results. A more accurate model of insulin pharmacokinetics may lead to improved performance of the IFB algorithm. We recommend that such a model be identified before in vivo studies using IFB with IP insulin are conducted. There are other benefits to using intraperitoneal insulin delivery beyond faster insulin action. This route better mimics the natural insulin production process by the pancreas. When the insulin is delivered into the intraperitoneal space, it introduces a positive portal-systemic insulin gradient throughout the body. This gradient is expected to lead to better overall health. Other hormones involved in the metabolism are also affected by the use of IP insulin, and there is some evidence to suggest that the benefits of IP insulin use extend beyond improved glycemia. A thorough explanation of these benefits is presented in Van Dijk et al. 53 
CONCLUSIONS AND FUTURE WORK
A fully implanted artificial pancreas operating in the IP space allows many of the challenges associated with subcutaneous insulin delivery to be overcome. Faster insulin transport and action, along with more rapid glucose sensing, allow the controller to maintain excellent glycemic control. In addition, IP insulin delivery has the potential to lead to better metabolic health. In this work, a model-based tuning strategy was introduced to develop a PID controller for a fully implantable AP. Furthermore, a dynamic anti-reset windup strategy was applied to minimize undershoot of the set point after meals while still maintaining set point tracking. Insulin feedback was also added to improve the controller response. This design may be further refined with the development of more accurate models based on experimental data. Once this data has been collected and analyzed, the updated controller will be evaluated in an animal model to quantify the improved performance offered by this controller in vivo.
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